INTRODUCTION 29
Describing the combined effect of temperature and pH on the enzymatic reaction rate is a 30 frequent problem that is not always solved satisfactorily. When they are studied independently, 31 the two variables produce well-known rate profiles that increase to a maximum point which is 32 then followed by a drop in activity.
1,2,3
The results from experiments repeatedly demonstrate that 33 the profiles obtained for the independent variables are linked to each other, generally in a non-34 additive interaction.
The correct modeling of these experimental profiles is especially 35 important when a rigorous and predictive quantification of the maximum enzymatic activity, and 36 minimum, optimum and maximum pH and temperature values are necessary, for example, in the 37 case of an enzyme reactor that is controlled by software. 38 39 The Arrhenius model provides a possible resource for modelling temperature when it is applied 40 to the three rates involved in the process: the substrate transformation rate and the enzyme 41 denaturation rate at high and low temperatures. This approach was used to describe the 42 metabolism of poikilotherm organisms in which the restrictive factor of the rate is defined by 43 only one enzyme. 4, 5 The equation obtained was later reformed by Schoolfield et al. 6 who inserted 44 a reference rate at a pre-established temperature and redefined the parameters (six in both 45 mathematical expressions) in order to reduce the correlation among them. In spite of the formal 46 basis of this last approach, the empirical equation proposed by different authors 7, 8, 9 and modified 47 by Zwietering et al. 10 generated the best fits (with only four parameters) when several 48 mathematical models for assessing the effect of temperature on the bacterial growth of 49
Lactobacillus plantarum on a conventional culture medium MRS were compared. 10 The same 50 model led to satisfactory fits for describing Salmonella growth on soudjouk-style fermented 51 semi-dry sausage.
11
In enzyme kinetics, the Arrhenius equation has been used extensively to 52 model the effect of temperature on the increase in reaction rate, 12, 13, 14 on the deactivation 53 constant 15, 16 and on the thermal stability of enzymes. 17, 18 54 55
The requirements for modelling pH are similar or larger than those defined by the Arrhenius 56 equation for temperature. The most formal description is based on an acid-base dissociation 57 mechanism.
1,2,3
The use of this resource provides good fit results as well as parameters with a 58 clear physical meaning and in some cases for defining the optimal intervals of enzyme activity. 59
60
Glucanex is a multicomponent enzyme preparation consisting of several isoenzymes that contain 61 β-1,3 glucanase activity, 19 that is used commonly for hydrolyzing the oligosaccharides from 62 yeast cell walls in order to obtain -glucans, 20 to control wine spoilage yeasts, protoplast 63 preparation and as a biocontrol agent against plant pathogenic fungi. 21, 22, 23 Nevertheless, there 64 are no studies describing the kinetic characteristics of this enzyme, such as the combined effect 65
We reviewed and studied the appropriateness of nine models from the literature for predicting 172 GA under different pH and temperature conditions. Those equations have different origins and 173 mathematical structure and can be classified as: a) regular models with empirical forms 174 (polynomials) whose parameters do not have any physical meaning; b) models useful and widely 175 in other fields of knowledge (i.e., microbial growth) for similar purpose; c) structured models 176 developed to study the combined effect of temperature and pH on enzymatic reactions. 177 178
Regular models 179
Model 1: The simplest approach for describing the joint effect of temperature and pH is defined 180 by a quadratic polynomial with a multiplicative term that combines the action of the two 181 independent variables on the response (enzymatic activity). This resource has been applied, for 182 example, to study amylase, The same authors found that the results obtained by Lindenfelser and Ciegler, 37 relative to the 210 effect of the humidity percentage in ochratoxin A production with Aspergillus ochraceus using 211 solid-state fermentation on wheat grains, were satisfactorily fitted to equation [4] . 212
213
The bivariate model applied to the activity is the multiplication of two equations 
where T min (with the same meaning as T 0 in equation [7] ) and T max represent the limits of the 238 temperature range beyond which the growth rate is null. Indeed, the exponential term becomes 239 nil when T max >> T (so that equation [8] can be simplified to equation [7] ) and increases when T 240 is close to T max , so that r decreases from a certain T value and tends to zero when T = T max . 241
242
In a subsequent modification, Pronk et al. 
exp r c T T a T T c c pH c pH
Model 5: Another option would be to accept that the relationship between the pH and the 256 enzymatic activity leads to a function with the same structure as that used for the temperature. 257
Thus, the combined response could be described by multiplying the two effects: 258
Model 6: Initially, the Rosso equation was used to describe the joint effect of temperature and 262 pH on microbial growth, 39 but it can also be used in other fields, such as enzyme kinetics. It 263 establishes the enzymatic activity (r) as a dependent variable: 264 
where r is the enzymatic activity, r m is the maximum enzymatic activity, T is the temperature 272 (°C), T min is the temperature below which no activity occurs, T max is the temperature above which 273 no enzymatic activity occurs, T opt is the temperature at which the enzyme activity is optimal, 274 pH min is the pH below which no catalytic activity occurs, pH max is the pH above which no 275 activity occurs, and pH opt is the pH at which the enzyme activity is optimal. 276 277 Model 7: The accumulated function of the Weibull distribution is a very versatile resource when 278 a symmetric sigmoid or parabolic profiles do not need to be simulated. Its mathematical expression, in the case of defining the combined 281 effect of temperature and pH on GA, can be written as: 282
where r is the enzymatic activity, k, , q,  and p are empirically determined parameters, and T is 286 the temperature (ºC). 287 
where T is the temperature (K), R is the ideal gas constant (8.314 J mol 
involving the enzymatic activity r r to a reference temperature T r (319 K), the substitution of 305 activation energies by the enthalpies H i and the introduction of temperatures T a and T b that 306 determine, for excess and defect, respectively, the 50% drop in enzymatic activity. As in 307 equation [9] , the profile can be biased to the left or right. 308
309
The effect of pH could also be included by multiplying equation [15] 
Model 9: The only theoretical approach developed for fitting the joint effect of temperature and 315 pH on enzymatic activity was proposed by Tijskens et al. 
where r is the enzymatic activity, r m is the maximum enzymatic activity, which was maintained 322 constant at a value of 100, t is the reaction time (10 min), T is the temperature (K), T r is the 323 reference temperature (313 K), k sr is the specific reference rate for the enzymatic process (min The combined effects of pH and temperature on GA using laminarin and curdlan as substrates 331 are displayed in Figure 2 and Figure A (Supplemental Material), respectively. In both cases, the 332 experimental domains ranged from 32 to 60ºC and from 3.5 to 6.0 for pH. In these figures the 333 experimental data were fitted to the equations specified on the top of the graphs. The parametric 334 estimates and corresponding confidence intervals of the proposed equations are summarized in 335 Since there are many models able to fit the combined effects of T and pH reasonably well for the 340 data presented, a selection process was carried out to determine the model that best predicts the 341 joint effect of the two variables in the interval studied. In order to assist us with selecting the best 342 model, we used different statistical criteria to evaluate the multivariable fit and explanatory 343 appropriateness of the equations. 344 345
Model selection criteria (MSC) 346
The usefulness of MSC to compare a group of possible models is well-documented. Figure 3 shows the interactive effects of pH and temperature on GA using curdlan as a substrate. 406
Experimental data were fitted to equation [12] , which showed that a joint maximum is achieved 407 from 46 to 53ºC and in the pH range 4.5 to 5.0. 408
409
Practical and operative descriptions of the limits and optimal glucanex activity can be established 410 using the numerical values of the biologically meaningful parameters from equation [12] (Table  411 2). Thus, the joint optimal pH (pH opt ) and temperature (T opt ) for GA was 4.64±0. 
Application when laminarin is used as substrate 420
The experimental data and the simulated profiles fitted to equation [17] are shown in Figure B 
